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An Experimental and Numerical Study of the Effects
of Design Parameters on Water Mist Suppression of Liquid Pool Fires

1.0 INTRODUCTION

The use of water mist as a rapid fire extinguishing agent is receiving considerable attention
lately since the production of halon 1301 was banned in 1994. Water mist is a contending
alternative to halon 1301 especially in total flooding applications. Although water mist systems
require minutes to extinguish fires, while some of the contending gaseous agents require seconds,
it has been shown [1-3] that water mist will dramatically lower the temperature of the fire
compartment such that manual intervention is easily carried out. Furthermore, water mist systems
use much less water than conventional sprinkler systems to achieve the same level of
effectiveness. With the temperature of the compartment considerably lowered, and since water is
non-toxic, the man-hours required to restore the compartment to use is considerably reduced.
This fits well with the current mandate in the Navy to reduce manning in the ships of the 21st
century.

The Navy is also spending considerable effort in developing fire retardant composite
materials for use in future ships. It has been reported that composite materials have potential use
in virtually everywhere in ships and submarines [4]. An example of a new fire retardant
composite material is the phthalonitrile resin system developed by Keller [5]. Such materials resist
fire propagation by forming char which is a heat barrier between the flame and the pyrolyzing
virgin material. Most gaseous fire suppressing agents can extinguish the flame on any materials
faster than water mist. However, with such fire retardant material, the char holds a lot of heat
even after the flame has been extinguished. Thus pyrolyzates can still be produced within the solid
and these readily ignite when the oxygen concentration builds back up. With water mist as the
extinguishing agent, the char layer is cooled directly by droplets evaporating on it before or after
' the flame is extinguished. Thus the production of pyrolyzates is suppressed and re-ignition is
avoided.

To achieve optimum use of water mist system, there is need to understand the various
phenomena involved in the interaction of the water mist spray and the fire gases. First, there is the
droplet motion through an opposing turbulent fire flow. Traditionally, water is injected from the
top. Then, there are the transport processes between the moving cold droplets and the hot fire
gases. The resulting evaporation of the droplet can be gradual (from the droplet surface) or
instantaneous where the entire droplet attains the boiling point at the same time. As the droplets
evaporate in the combustion zone the water vapor dilutes the oxygen concentration and absorbs
additional sensible heat to be heated up to the fire temperature. The net effect of these processes
is the reduction in combustion rate and in gas temperatures (gas phase cooling). Some of the
droplets may survive as they pass through the hot combustion region and eventually reach the
condensed fuel surface which is either a liquid pool or a pyrolyzing/charring solid surface. The
droplets finally absorb latent heat from the surface to evaporate completely. This cools the
surface, thereby reducing the gaseous fuel production rate (burning rate).

Manuscript approved April 8, 1999.




Very few studies have addressed in detail the interaction of water spray with fires [6-12].
Alpert [6] developed a field model to predict the penetration of a sprinkler spray through the
plume of a burning object. The model essentially combines a model of a 2-D flow produced by a
heated jet (or ordinary heat source) and a water spray model. Later, Bill [7] verified this model
using the Factory Mutual Research Corporation’s actual delivered density (ADD) apparatus.
Their results show some good agreement between the predicted and measured density of water
reaching the base of a heptane spray fire when the sprinkler nozzles are located 3.05m and 4.57m
above the base.

Hoffman and Galea [8] developed another field model of a compartment fire with the
sprinkler turned on. The predictions of the model were later verified with experimental data for
(a) a corner fire in an office-size compartment and (b) a bed fire in a large hospital room [9]. The
temperature predictions in both cases were (qualitatively) in good agreement with experimental
results.

Prasad et al. [10-12] developed a numerical model to study the interaction of water mist
spray and a small laminar 2-D diffusion flame. The model combined a fire model and a spray
model to predicted temperature and species profiles in the suppressed flame . The temperature
predictions were verified by experimental data for both methane and methanol diffusion flames.
Later, a parametric study [13] was undertaken where the droplet size, velocity, number density,
spray orientation (base, top or side) and spray angle were varied. The results of this study depict
the combination of the various parameters for optimum suppression in fire heat release rate. A
summary of this theoretical optimization study will be presented in this paper and the similarity
between the results of this study and the results of the present large scale experiments will be
discussed.

Most large scale water mist fire suppression experiments were with enclosed fires [ e.g.,
1,3,14]. Tests with large scale fires in the open are few [15,16]. Downie et.al [15] studied the
suppression of a large methane fire subjected to a steady water mist spray from a single hollow
cone nozzle mounted above the fire. The large plume to flame thrust ratio in their experiment
resulted in negligible direct penetration of the droplets into the fire region. Their result shows a
significant reduction in oxygen concentration and increase in carbon monoxide concentration
inside the flame when the mist was applied. Takahashi [16] studied the extinquishment of plastic
fires with water spray. He compared the extinquishment times with plain water and ‘wet’ water.
Wet water is foam agent diluted 10,000-fold with water. He showed that wet water reduced the
extinquishment time by as much as 50%.

Finally, there are a number of large scale liquid pool fire studies [17-19] where fire
suppression was not the objective. Rather the focus was on studying the burning characteristics
and heat transfer processes in large scale pool fires. A recent review by Hamins et al. [17]
discussed the structure and energetics of hydrocarbon pool fires with special emphasis on flame
height, flame shape and flame pulsation frequency. Koseki and Yumoto [18] investigated the
burning characteristics of 2.7m square dike heptane fires with and without open tank fires. The
study was motivated by the need to mitigate the dangers of oil storage facility fires. Buch et al.
[19] studied the radiative emission fraction of various silicone and organic fuel fires with pool



diameter ranging from 0.1m to 1.0m. They showed a correlation between the fuel evaporation
flux and the ratio of the heat of combustion and heat of gasification of the various fuels. Ndubizu
et al. [20] developed a zone model of a large scale liquid pool fire in the open. They conducted a
parametric study of the various input parameters and showed that the heat of combustion is the
most critical of the parameters.

In this study, the numerical simulations were carried out with small scale methanol pool
fires, while the experiments were conducted with large scale heptane and JP8 pool fires. The
objectives are (i) to quantify the effects of the design parameters (e.g., droplet size) on the
suppression of a small-scale methanol pool fire (computation) and large scale heptane and JP8
pool fires (experiments); (i) to compare the major trends observed in the theoretical and
experimental results; and (jii) to study the effects of surface cooling mechanism on burning rate in
JP8 pool fire.

2.0 THEORETICAL MODEL

The theoretical model considers a small (< 1KW) methanol pool fire. Figure 1 is a
schematic of the 2-D (1.0cm wide) pool fire showing the gas phase and liquid phase
computational domains as well as some of the physical processes taking place in the gas and liquid
phases. Since the flame is assumed symmetrical about the centerline, computation was performed
for only 1/2 the domain. The gas phase domain is bounded by the centerline, the inflow boundary,
the lateral slipwall boundary and the outflow boundary. Part of the heat generated in the flame is
fed back to the fuel surface by radiation, convection and conduction to evaporate the fuel. Heat is
also transferred to the liquid through the metal container. The liquid evaporates at a temperature
close to the boiling point and the vapor mixes with air and burns in the combustion zone. The
resulting hot combustion products entrain the surrounding co-flow air (or air+ suppressant) as
they pass through the gas phase domain. Water mist is introduced thoroughly mixed with air
through the inflow boundary for base injection, the lateral boundary for side injection and outflow
boundary for top injection.

A complete set of unsteady, compressible Navier-Stokes equations for reactive laminar
flows are solved in the gas phase to describe the convection of the fuel gases away from the pool
surface, diffusion of gases into the surrounding air and the oxidation of the fuel molecules into
products. Heat transfer into the liquid pool and the metal container are modeled by solving a
modified form of energy equation. Clausius-Clapeyron relations are invoked to model the
evaporation rate of the pool of methanol. A two-continuum formulation is used to study the
interaction of water mist with the fire. It is assumed that coalescence and break up of droplets
within the computational domain are insignificant. A sectional conservation model that is based
on dividing the droplet population into sections is used. Each section comprises of droplets of a
certain size range and each of the sections is assumed to have its own unique velocity different
from that of the gas phase [11]. Momentum conservation equations are formulated for each
droplet section and are coupled to those of the gas phase through the drag terms. The governing
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equations along with appropriate boundary and interface conditions are solved using the Flux
Corrected Transport algorithm [21]. The model predicts temperature, species and velocity profiles
in the gas phase, the fuel evaporation rate and the integrated total heat release rate. Calculations
were made for cases where mist was introduced in base injection, side injection and top injection
using various values of droplet size, injection velocity and droplet number density. Details of the
model and the parametric study are given in [22,13].

3.0 EXPERIMENTAL

Figure 2 shows a schematic of the setup for the large scale pool fire experiments. The 50
cm diameter pan is connected to the Navy Research Laboratory’s self adjusting liquid level
apparatus which is described in detail in [23]. A pool of liquid fuel sits on a layer of water at the
bottom of the pan. As the fuel burns, the liquid level self adjusting apparatus supplies fuel from
the right tank compartment to the pan to keep the pool level constant. This results in a fall in
liquid levels both in the left tank compartment and the fuel measuring jar. In the base case tests
(no mist addition), the burning rate is obtained directly using the measured drop in liquid level in
the fuel measuring jar and the left tank compartment. When mist is introduced some of the
droplets go through the flame and enter the liquid pool. Since heptane and JP8 are lighter than
water and do not mix with water, the additional water accumulates at the bottom and this tends to
push up the level of the fuel in the pool. To address this problem, the self adjusting liquid level
apparatus was modified by connecting a second measuring jar to the water in the pan. As the fuel
level in the pan changes the water level in the jar changes. By measuring the change in the weight
of the water jar the measured burning rate (base case) can be adjusted for the effect of water
addition on any changes in the fuel level during the test. The rate of water accumulation in the pan
is obtained by measuring the change in water depth after the test using the Kolor Kut ® water
finding paste. The Kolor Kut paste is a water soluble paste used in the petroleum industry to
measure the water content in a tank of petroleum fuel. The yellow paste is applied evenly on a
dip stick. On dipping the stick into a container of fuel and water, the part of the stick in contact
with water will turn bright red while the part in contact with fuel will remain yellow. Finally, the
burning rate (with mist) is corrected for the effects of mist accumulation in the pan and the
equation for burning rate is given by:

m = {6257(Ah) - 25(AW.) +12.844(AW))} / At where

Al , AW,, and AW; are changes in height of water in the pan, weight of water in the water
jar and weight of fuel in the fuel jar, respectively. See the appendix for the details.

The mist delivery system consists of an octagonal nozzle holder which surrounds the pan
and can deliver mist at an equal rate from a maximum of eight Bete ® P-series nozzles (see Figure
3). To ensure a constant water flow rate a uniform stream of water is delivered to each nozzle
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Figure 2: A Schematic of the Experimental Setup for the large scale Liquid Pool
fire Tests.




Figure 3: Picture of the Fuel pan and nozzle holder for base Injection




from a nitrogen pressurized water tank. For mist injection from the base the nozzle holder is
placed on the floor. For injection from the top the holder is placed at a height of 2.5m with the
nozzles pointing downward. This height is about the ceiling height in some of the compartments
in the ex-USS Shadwell [24].

An array of five K-type thermocouples 25cm apart was used to measure the centerline
temperature of the fire. In JP8 tests, a single thermocouple that just touches the surface of the fuel
was used to measure the temperature at the center of the fuel surface. Three Medtherm ® model
64-5-20 water cooled total heat flux radiometers were positioned around the fire 75cm from the
pan and 120° apart. The signals from the thermocouples and radiometers are received by a
National Instruments’ SCXI 2000/ SCXI 1200 unit which conditions and digitizes the signals
within the fire compartment and sends the digital signals through one cable to the computer. In
this way the effect of noise on the signals is minimized. Since the signal from the balance is digital,
it is fed directly to the computer.

The experiments were performed in a closed burn-building, 7.6m by 7.0m by 8.0m, with a
large opening in the roof to exhaust the combustion products. This considerably reduced the
formation of a smoky upper layer. First, the water tank is filled with water and pressurized. The
pan is charged with fuel allowing a lip height of 5 - 10mm. This is necessary to avoid fuel flowing
over the edge when mist is introduced, since the transfer of water from the pan to the water jar is
not instantaneous and the fuel expands as it is heated. Then, the fuel is ignited and after two
minutes of preburn, the mist is introduced. Three minutes are allowed for the system to reach a
quasi steady state and then the necessary data for calculating the burning rate are taken in the last
five minutes. At the end of the five minutes, the fire (or its remains ) is extinguished by covering
the pan to eliminate the air supply for combustion.

4.0 RESULTS AND DISCUSSIONS
4.1 Water Mist suppression of small scale Methanol pool fire (theory)

A sample result from the numerical simulations is presented in Fig. 4 in terms of
suppression in normalized total heat release rate versus the normalized water injection rate. The
water flow rates and the heat release rates were normalized with the fuel evaporation rate and the
total heat release rate in the base case (no mist), respectively. The normalized total heat release
rate is a measure of the degree of suppression where one signifies no suppression and zero
signifies extinguishment. Optimum design condition is one that achieves highest suppression with
the smallest water flow rate. Hence points closest to the origin represent the most effective
conditions while points far away from the origin represent less effective conditions. Figure 4
summarizes the results for S0pm and 150um droplets, for top injection, base injection at 90° and
base injection at 45°. In the 90° base injection the mist flow is in the vertical direction at entry
while in the 45° base injection the flow is inclined at 45° toward the flame. The droplet velocity
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was 25 cm/sec. in all the simulations and change in water flow rate was obtained by changing the
droplet number density. Figure 4 shows that base injection at 45° is the most effective of the
three orientations for the 50pum droplets and the 150um droplets. With base injection (at 90° and
45°) the smaller droplet is more effective than the larger droplet. Very little suppression was
obtained with top injection for these two droplet sizes and suppression did not seem to be
affected by mist droplet size. However, in some cases (not shown) the larger droplets were more
effective than small droplets. In these numerical simulations, the small droplets could have
difficulty penetrating both the opposing fire flow and the opposing co-flow air which is necessary
in the simulation to stabilize the flame.

4.2 Water Mist Suppression of Burning Rate in Large Scale pool fires (Experiments)

Figures 5 and 6 summarize the experimental results on water mist suppression of burning
rate, for large-scale heptane and JP8 pool fires. The suppression in burning rate is plotted against
the total mist flow rate normalized with the fuel evaporation rate in the base case (no mist). For
the 50-cm diameter heptane base case fire the measured mass evaporation rate is 590 gm/min and
this is consistent with the results of Buch et al. [19]. Burning rate is used as a measure of fire
severity here, since it is proportional to the chemical heat release rate which has been shown to be
unaffected by water addition at conditions far from extinction [7]. The degree of fire suppression
is measured by the ratio of the burning rate with mist to that without mist and this ranges between
zero (extinguishment) and one (no suppression). The tests were performed with mist of various
sizes with sauter mean diameters (SMD) varying between 58um and 215um. Mist parameters
were not measured in this study but rather they were calculated with formulas obtained from the
manufacturer’s catalogue. Several tests were repeated and both results are shown in the figure to
give an indication of the repeatability of the measurements.

Figure 5 shows the results for heptane pool fire where the red data points (located within
water flow > 6 and burning rate ratio > 0.5) are for top injection. The green data points (four
points closest to the origin) are for base injection at 45° and the blue data points (the remainder of
the data) are for base injection at 90°. One observes that the injection of mist from the base results
in higher fire suppression than the injection of mist from the top and that base injection at 45° is
the best of the three orientations. A similar trend was observed in Fig. 4 for the small scale
methanol fires. It is well known [25,26] that bringing more droplets to the base of the fire will
help extinguish it faster. When water mist evaporates at the base of the fire, the residence time of
the vapor in the combustion zone is longer, allowing it to mix with the fire gases, dilute oxygen
concentration and absorb sensible heat to be heated up to the fire temperature. Thus a full effect
of oxygen dilution and sensible heat absorption by the vapor is realized. It is pertinent to recall
that the water droplets will absorb 2260J/g of latent heat to evaporate and the vapor absorbs
additional 827J/g of sensible heat to be heated up to a fire temperature of say 1200K. This
additional sensible heat is due entirely to the difference between the heat capacity of steam and
that of air. Thus the effects of heat capacity difference contribute significantly to the overall gas
phase cooling as we showed in an earlier paper [27]. On the other hand, when mist is injected
from the top, some of the droplets evaporate in the plume region and the water vapor escapes
with the flue gases. Hence the effects of oxygen dilution as well as additional sensible heat
absorption are not fully utilized.
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Furthermore, Fig. 5 shows that for the same water flow rate, the measured suppression in
burning rate in the heptane fire is about doubled in base injection compared to top injection. For
example, for the 78um droplets at a normalized water flow rate of 10, the burning rate ratio is 0.8
in top injection and 0.4 in base injection. The theoretical results for the small scale fire (Fig. 4)
show similar substantial difference between the two orientations. However, the difference is not as
large for small water injection rates but increases as the water injection rate increases.

In Fig. 5, as the water injection rate increases, the suppression in burning rate increases
(burning rate ratio decreases) at a slower rate, especially in tests with base injection. This implies
that the “effectiveness” of water decreases as more water is added. For example, with base
injection and 78um droplets we had two data points, at normalized water flow rate about 9 and
about 14. Figure 5 shows that when the normalized water flow rate increased from 9 to 14 the
burning rate ratio decreased from 0.4 to 0.3 for the base injection test and from 0.8 to 0.7 for the
top injection test. A similar trend is observed in Fig. 4 with the small methanol pool fire (theory).
Furthermore, in an earlier work with PMMA, Yang et al.[28] found that the fire extinguishment
time is inversely related to the water injection rate and that the extinguishment time appears to
approach an asymptotic value as the water injection rate goes up. One may speculate that the
cause of the observed decrease in effectiveness may be that the entrainment rate drops as the
flame is suppressed since the heat release rate goes down. Also the height of the combustion zone
goes down with water addition [29] and hence the proportion of the water entrained that will be
effective goes down. However, in a related work, McCaffrey [30] studied the suppression of a
hydrogen flame where fuel and water spray inlet tubes are concentric such that the spray is totally
surrounded by the flame. He also found that the effectiveness of the water in suppressing fire
temperature decreased as more water was added. There was no information as to whether the
water was not totally consumed during every test.

The effects of droplet size on the suppression of burning rate is also shown in Fig 5. It
shows that at the same water flow rate small droplets are more effective than large droplets in all
three orientations. For example, at the normalized water flow rate of 10 the burning rate ratio
with the 78um droplets (top injection) is about 0.8 but with 173um the ratio is nearly 1.0. The
difference in effectiveness seems to be more in top injection than in base injection. This may have
to do with the way the Bete nozzle 90° sprays reach the flame. Because of the large spray angle, a
substantial part of the mist flow stream may be inclined toward the flame rather than flowing
parallel to it. More of the droplets in the inclined stream will reach the base of the flame easier in
the base injection scenario than in the top injection scenario. The theoretical results in Fig. 4,
however, show no substantial difference in the effectiveness of the large and small droplets for top
injection. In the experiments, the flow of fire gases opposes the downward mist flow and one will
expect the larger droplets to have a greater chance of penetrating this flow since they may have
higher momentum. However, an estimate of the typical spray thrusts at the nozzle exit, for the
conditions in our experiments, range between 1.1N and 0.2N (see Table 1). On the other hand,
the plume thrust at the nozzle position estimated with Heskestad’s correlation [31] is about 10N
for heptane pool fire with top injection. Hence the plume-to-spray thrust ratio is of the order 10-
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.Table 1: Calculated spray thrust at nozzle exit for a sample of nozzles
used in the tests (mist parameters calculated with formulas
from the manufacturers cataloguc)

Droplet SMD Flow rate Exit velocity Thrust
(um) (Ipm) (m/s) (N)
125 2.46 27.8 1.1
215 2.89 13.2 0.63
58 0.6 342 0.34
68 0.4 40.7 0.27
78 1.02 26 0.44
111 2.0 254 .85

173 1.42 16 0.38

50 at the nozzle exit. This ratio is higher than that reported in the work of Downie et al. [15].
They showed that at a plume-to-spray thrust ratio of 5-10 there was little penetration of droplets
coming from the top into the fire region. Therefore mist droplet penetration of the fire plume from
the top is expected to be very low in these tests and that is why the large droplets are not more
effective than the small droplets. Furthermore, the fire is surrounded by mist and there are streams
of droplets outside the range of the fire flow. These droplets reach near the fire base from where
they are entrained into the fire with the surrounding air. The smaller droplets which attain their
terminal velocity faster, have a better chance of being entrained into the fire. The current results
indicate that in the tests with top injection, the droplets entrained from the side contributed more
to the suppression of the fire than the droplets that penetrated through the opposing fire flow.

Figure 6 presents a similar result for suppression of burning rate in JP8 pool fires. The fire
was extinguished in three of the tests with top injection. These data are shown on the X axis
between 20 and 25. The group of data located at water injection rate greater than 10 and burning
rate ratio greater than 0.5 are for top injection. All the data for top injection are shown in red.
The three data points closest to the origin are for base injection at 45°. They are shown in green.
The rest of the data are for base injection at 90° and they are shown in blue.

Figure 6 shows similar trends observed in heptane pool fire tests (Fig. 5) and theoretical
predictions with small scale methanol fire (Fig. 4). These trends are. First, water mist is more
effective in suppressing the fire with base injection where droplets are brought close to the fire
base than with top injection. Secondly, smaller droplets are more effective than large droplets in
every injection orientation. This similarity is an indication that the results of the parametric study
conducted with a small scale laminar pool fire are useful in the design of water mist suppression
systems for large scale fires.

However, there are some interesting differences between the results with heptane and
those with JP8. First, the suppression in burning rate was generally more in the JP8 tests than in
the heptane tests for the same experimental conditions. For example, in the test with the 215um
droplets the burning rate ratio in the heptane fire, top injection, was about 0.7, while the same
ratio for JP8 fire was about 0.5. Furthermore, the fire was extinguished in most of the JP8 fire
tests especially those with base injection. Meanwhile, fire extinguishment was obtained only in one
test (68um, base injection 45°) with heptane.

14



The greater suppression achieved with water mist in JP8 fires compared to heptane fires
can be attributed to many factors and a key significant factor is the direct cooling of the fuel
surface by water droplets (surface cooling mechanism). In the heptane fires mainly gas phase
cooling and oxygen dilution bring about suppression. This is because the boiling point of heptane
is about 98°C and very little droplet evaporation is expected to take place at the fuel surface for
the droplets that reach the surface. In an earlier work we had shown that the role of surface
cooling mechanism is insignificant in methanol pool fires where the boiling point of the fuel is less
than that of water [29]. With JP8, boiling starts at about 160°C and a larger fraction of the fuel
boils at temperatures above 200°C. Since the surface temperature is that high, more of the water
droplets that reach the fuel surface can absorb latent heat and evaporate there. Indeed, it was
observed that the injection of water into a JP8 fire produced glowing spots on the fuel surface and
a cracking sound similar to that produced when water is sprayed into hot oil. This is similar to the
microexplosion phenomena observed in water-in-oil emulsion droplet combustion. Earlier
workers [e.g., 32-34] found that when water microdrops are surrounded by oil of sufficiently
higher boiling point compared to that of water, then the microdroplets can be superheated by the
suppression of vaporization by the oil. Microexplosion can occur once the water temperature
exceeds the limit of superheat. What we observed in the JP8 tests suggests that microexplosion
took place when water droplets were superheated by the surrounding JP8 at a temperature much
higher than 100°C. A similar effect was not observed when water was injected into heptane fires.

It is difficult to measure the liquid-gas interface temperature accurately. However, the
temperature we measured in the neighborhood of the fuel interface (thermocouple just touched
the liquid) in the JP8 pool fires showed a significant drop when mist was introduced. For example,
Fig. 7 is a typical plot of surface temperature versus time for a base case test (no mist) and a test
where mist was injected from the top. Mist injection started after two minutes and Fig. 7 shows
that about a 100°C temperature drop was obtained when the mist was injected. The drop in
surface temperature was normalized and plotted against the suppression in burning rate in Fig. 8.
A straight line was drawn to show the trend of the data. Figure 8 shows a correlation between the
drop in surface temperature and the suppression in burning rate. As the drop in surface
temperature increases the suppression in burning rate increases (normalized burning rate
decreases). The temperature data in Figs. 7 and 8 as well as the observed microexplosion
phenomena strongly suggest that the addition of water mist has a direct effect on the cooling of
the fuel surface in JP8 pool fire tests.

4.3 Water mist Suppression of fire temperature and total heat flux (Experiments)
The introduction of water spray into a pool fire results in the lowering of flame height as

well as flame temperature [35,27]. Figure 9 is a picture of a base case heptane fire (on the left)
and the same fire when mist was injected (on the right). The flame became shorter
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Figure 9: Picture of a heptane pool fire with no mist (lett) and mist, base Injection (right)
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when mist was introduced. Figure 10 shows the fire centerline temperatures measured in two tests
at the same total water flow rate. In Fig. 10a the SMD of the droplets is 68um while in Fig. 10b
it is 148um. In each case water was injected from the top. T, was measured by the thermocouple
nearest to the fuel surface (about 20cm above the fuel surface) while Ts was measured by the
thermocouple farthest above the surface (about 120cm above the fuel surface). There is a bigger
drop in temperature after water mist was introduced in the test with smaller droplets (Fig. 10a)
than in the test with large droplets. In fact, To hardly dropped in the test with larger droplets.
Since droplet evaporation is inversely proportional to the droplet diameter, droplet size will affect
the suppression in fire temperature such that smaller droplets are more effective than large
droplets.

For the various tests with heptane fire, the measured centerline temperature at each height
above the liquid pool was averaged over the last five minutes of the test. Recall that the burning
rate data were taken within this time. The average temperatures T, and Ts are plotted against
normalized mist flow rate in Figs. 11a and 11b, respectively. These plots show a lot of scatter as
one would expect for this scale of measurement. Figure 11a shows that Ty did not vary much
between top injection and base injection. The position of the thermocouple is such that mist
droplets can hardly get close to it whether by penetrating through the opposing fire flow or by
being entrained from below. Figure 11b shows a greater scatter than Fig. 11a. However, the data
for base injection and top injection are separated. One can decipher from Fig. 11b that Ts is
generally lower for base injection than for top injection. This observation is consistent with our
earlier conclusion that in the top injection tests, mist droplets find it difficult to penetrate the
opposing fire flow. This is because of the high plume-to-spray thrust ratio. If the droplets could
easily penetrate the opposing fire flow, Ts would not have been higher in top injection than in base
injection since the thermocouple is about half way between the two nozzle positions. The mist
droplet sizes are written next to some of the data points. Again, by comparing the data at a given
water flow rate, one observes that smaller droplets are more effective in suppressing the fire
temperature in both figures.

Finally, the effects of droplet size on measured total heat flux are shown in Fig. 12. A
typical radiometer output is shown for heptane tests where the water flow rates were the same but
the SMD of the droplets were 215 um and 102um, respectively. With the smaller droplets the
drop in heat output when water was injected was about 60% while with the larger droplets the
drop was about 20%.

5.0 CONCLUSIONS

This report has presented the results of a theoretical and experimental parametric study of
water mist suppression of liquid pool fires. The numerical study was conducted with a small scale
2-D methanol pool fire. A typical result was presented for droplet SMD of 50pum and 150pm with
mist injection from the top, base at 90° and base at 45°.
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Experiments were conducted with large scale heptane and JP8 pool fires where mist was
injected from the base and top like in the numerical simulation. Droplet size was varied between
58um and 215pm. Burning rate and fire centerline temperatures were measured for tests with and
without mist. Analysis of the results of theoretical parametric study (small scale) and experimental
data (large scale) lead to similar conclusions. First, the results show that base injection of droplets
enhanced their suppression effectiveness by as much as two times compared to top injection. This
is because when droplets evaporate within the lower region of the fire, a greater effect of oxygen
dilution and sensible heat absorption is realized. Secondly, smaller droplets are more effective than
larger droplets in fire suppression both in top and base injections. In the experiments with top
injection, the plume-to-spray thrust ratio is high and hence droplets have difficulty penetrating the
opposing fire flow. This suggests that in these tests, the droplets entrained from the side of the
fire played a key role in the fire suppression rather than the droplets that penetrated through the
opposing fire flow. The similarity between the model predictions and the experimental data
indicates that the results of the parametric study conducted with a small scale laminar pool fire,
can be useful in the design of water mist suppression systems for large scale fires.

Finally, the experimental results show that water mist was more effective in suppressing
the JP8 fire than the heptane fire. It is concluded that this is largely due to the additional effects of
surface cooling because of the following reasons: (i) the addition of water mist into a JP8 fire
resulted in a burning with cracking sound and the presence of glowing spots on the fuel surface
(microexplosion phenomena [32-34]); and (ii) the suppression in burning rate was shown to
correlate with the drop in fuel surface temperature in the JP8 fires.

6.0 ACKNOWLEDGMENT

We sincerely thank Roger Brown, Howard Burchell, Erin Walsh and Keith Burns for their
contributions in conducting the experiments and compiling the data. This work was performed by
the Chemistry Division and the Laboratory for Computational Physics and Fluid Dynamics of the
Materials Science and Component Technology Directorate, Naval Research Laboratory. The
work was funded by the office of Naval Research, Code 334, under the Damage Control Task of
the FY98 BA2 Surface Ship Survivability Technology Program (PE0602121N)

7.0 REFERENCES

1. Back, G.G, DiNenno, P.J, Hill, S.A and Leonard, J.T, “Full Scale Testing of Water Mist Fire
Extinguishing Systems for Machinery Space on U.S Army Water Craft,” NRL Memorandum
Report NRL/MR/6180-96-7814, February 12, 1996.

2. Back, G.G., DiNenno, P.J., Leonard, J.T. and Darwin, R.L., “Full Scale Tests of Water Mist

Fire Suppression Systems for Navy Shipboard Machinery Space: Phase I - Unobstructed
Spaces, NRL Memorandum Report NRL/MR/6180-96-7830, March 8, 1996

23




hat

10.

11.

12.

13.

14.

Maranghides, A., Sheinson, R.S., Black, B.H. and Peatross, M.J., “The Effects of a Water
Spray Cooling System During Real Scale Halon 1301 Replacement Testing on Post Fire
Suppression Compartment Reclamation,” NRL Letter Report 6180-0014, January 22, 1997

Sorathia, U., Lyon, R., Gann R. and Gritzo, L., “Materials and Fire Threat” SAMPE Journal
32, No.3, p. 8 (1996)

Keller, T.M. and Price, T.R., Journal of Macromol. Sci-Chem., A18, No. 6, p. 931 (1982)

Alpert, R., “Calculated Interaction of Spray with Large Scale Buoyant Flows,” J. Heat
Transfer, 105, p. 310 (1984)

Bill, R.G., “Numerical Simulation of Actual Delivered Density (ADD) Measurements,” Fire
Safety J., 20, p. 227 (1993)

Hoffman, N.A. and Galea, ER “An Extension of the Fire Modeling Technique to Include
Fire Sprinkler Interaction - I: The Mathematical Basis,” Int. J. Heat Mass Transfer, 36, No.
6, 1435 (1993).

Hoffman, N.A. and Galea, ER., “An Extension of the Fire Modeling Technique to Include
Fire Sprinkler Interaction - IT: The Simulations,” Int. J. Heat Mass Transfer, 36, No. 6 p.
1445 (1993)

Prasad, K, Li,, C, Kailasanath,, K., Ndubizu, C., Ananth, R. and Tatem, P.A., “Numerical
Modeling of Water Mist Suppression of Methane-Air Diffusion Flame,” Combust. Sci. &
Tech., 32, 1- 6, p. 325 (1998)

Prasad, K., Li,, C., Kailasanath,, K., Ndubizu, C., Ananth, R. and Tatem, P.A., “Numerical
Modeling of Water Mist Fire Suppression - 1. Gaseous Methane Diffusion Flame,” NRL
Memorandum Report NRL/MR/6410-98-8102, January 19, 1998

Prasad, K., Li,, C., Kailasanath,, K., Ndubizu, C., Ananth, R. and Tatem, P.A., “Numerical
Modeling of Fire Suppression Using Water Mist - 2. Methanol Liquid Pool Fires,” NRL
Memorandum Report, NRL/MR/6410-98-8190 (1998)

Prasad, K., Li,, C, Kailasanath,, K., Ndubizu, C., Ananth, R. and Tatem, P.A., “Numerical
Modeling of Methanol Liquid Pool Fires for Fire Suppression,” Annual Conference on Fire
Research, National Institute of Standards and Technology, Gaithersburg, MD, Nov. 2-5 1998
NISTIR 6242 p. 69.

Mawhinney, JR., “Design of Water Mist Fire Suppression Systems for Shipboard

Enclosures,” International Conference on Water Mist Fire Suppression Systems, Boras,
Sweden (1993).

24



15. Downie, B, Polmeropoulos, C, and Gogos, G., “Interaction of a Water Mist with a Buoyant
Methane Diffusion Flame,” Fire Safety J., 24 p. 359 (1995)

16 Takahashi, S., “Extinguishment of Plastic Fires with Plain Water and Wet Water,” Fire Safety
J., 22 p. 169 (1994)

17. Hamins, A., Kashiwagi, T. and Buch, R., “Characteristics of Pool Fire Burning,” Fire
Resistance of Industrial Fluids, ASTM STP 1284, George E. Totten and Jugen Reichel, Eds.
ASTM, Philadelphia p. 15 (1996)

18. Koseki, H. and Yumoto, T., “Burning Characteristics of Heptane in 2.7 m Square Dike Fires,”
2™ International Symposium of Fire Safety Science, p. 231 (1989)

19. Buch, R/. Hamins, A., Konish, K, Mattingly, D. and Kashiwagi, T., “Radiative Emission
Fraction of Pool Fires Burning Silicone Fluids,” Combust. Flame, 108, p. 118 (1997)

20. Ndubizu, C.C., Ramaker, D.E., Tatem, P.A. and Williams, F.W., “A model of Freely Burning
Pool Fires,” Combust. Sci. & Tech., 31, p. 233 (1983)

21. Boris, J.P. and Book, D.L., (1973) “Flux-corrected Transport I. SHASTA, A Fluid Transport
Algorithm That Works,” Journal of Computational Physics, 11. (1). p. 38

22. Prasad, K., Li, C., Kailasanath, K., Suppression of Methanol Liquid Pool Fires Using Water
Mist, AIAA paper 99-0334, 37th Aerospace Science Meeting (1999)

23. Alexander, J.1., St. Aubin, H.J., Stone, J.P. and Williams, F.W., “Large Scale Pressurizable
Fire Test Facility - Fire I,” NRL Report 8643 (Dec. 1982)

24. Hoover J.B., Bailey J.I. and Tatem, P..A., “An Improved Radiation Transport Submodel for
CFAST” Combust. Sci. and Tech. 127 p.213 (1997)

25. Mawhinney, J.R., Engineering Ccriteria for Water Mist Fire Suppression Systems.
Proceedings of the Water Mist Fire Suppression Workshop (Notarianni, K.A. and Jason,
N.H,, eds.) p. 37-73 NISTIR 5207 (March 1993)

26. Mawhinney, J.R., “The Role of Fire Dynamics in Design of Water Mist Suppression
Systems,” linferflam’96 p. 4154 (1996)

27. Ndubizu, C. C., Ananth, R., Tatem, P.A. and Motevalli, V., “The Contributions of Various
Mechanisms in Water Mist Suppression of a Small Diffusion Flame,” Fall Technical Meeting,
the Eastern States Section of the Combustion Institute, Hartford, CN, Oct. 27-29 p. 67
(1997)

25




28. Yang, J.C,, Boyer, C.I. and Grosshandler, W. L, “Minimum Mass Flux Requirement to
Suppress Burning Surfaces with Water Spray,” National Institute of Science and Technology
Report NISTIR 5795 (1996)

29. Ndubizu, C.C., Ananth, R. and Tatem, P., “ Water Mist Suppression of Small Methanol Pool
Fires,” Annual Conference on Fire Research, National Institute of Standards and Technology,

Gaithersburg MD, Nov. 2-5 1998, NISTIR 6242 p. 109

30. McCaftrey, B. J., “Jet Diffusion Flame Suppression Using Water Sprays - An Interim Report,”
Combust. Sci. and Tech., 40, p. 107 (1984)

31. Heskestad, G., “Engineering Relations for Fire Plumes,” Fire Safety J., 7 p. 25 (1984)
32. Blander, M. and Katz, J., AIChE J, 21, p. 833 (1975)

33. Bryer, F. L., “Water Addition to Practical Combustion Systems - Concept and Application,”
Sixteenth Symposium (International) on Combustion, The Combustion Institute p. 279 (1977)

34. Law, C.K., “A Model for the Combustion of Oil/Water Emulsion Droplets,” Combust. Sci.
and Tech., 17, p. 29 (1977)

35. Ndubizu, C.C., Ananth, R., Tatem, P.A. and Motevalli, V, “On Water Mist Fire Suppression
Mechanisms in a Gaseous Diffusion Flame,” Fire Safety J., 31:3 p. 253 (1998)

26



APPENDIX

Derivation of the Burning Rate Equation in Tests where Mist was introduced.

Qf,in Qf, out Qw

Water Balance

Initially, the pan is filled with water and fuel with the overall liquid height, H and the
height of water level, h;. The height of the water level in the water jar is h, . Pressure
balance between the pan and water jar gives;

hipw + (Hy = hy)ps = hopy, 1)
where pr and pw are the densities of fuel and water, respectively.
Within the time At minutes when data are taken the volume of fuel that evaporated is
Qa0 cm’, while the volume replenished from the tank is Qg, in cm’ . At the same time Q,,

cm’ of water entered the pan in form of mist and the volume of liquid in the pan changed
by AQ cm’ . Since water and fuel are incompressible;

Al




Quoue = Qrin+ Qw - AQ;

= [AW; (12.844))/p; + 1(d*/2)[Ab, - AH] @)
where;

AW; = change in weight of the fuel jar (not shown)

d = diameter of the pan

Ah; = change in the height of the water level in the pan

AH = change in the overall liquid height in the pan.

The cross -sectional area ratio between the fuel jar and left compartment of the fuel tank is
12.844. See figure 2.

After the test time At, the pressure balance between the pan and the water jar is;

[H2 — (h] +Ah])] ph + (h] + AhDpw = (h2 + Ah)pw (3)

From (1) and (3):
AH = Hp - H] = [Ahgpw - Ahj(pw - p)lph = [Ah2 - Ah1(0.32)]/0.68
(Ah; - AH) = (Aht - Ah2)/0.68; 4)
where;

Ah2 = AWw/Aj, is the change in height in the water jar. A is the cross-
sectional area of the water jar and AWw is the change in the weight of the water jar.

Burning Rate, m = (Qy, , Po)/At ; and substituting eq. (4) into eq. (2) for the pan
diameter of 25 cm and water jar diameter of 5 cm we obtain,

m = [6251(Ah]) — 25(AW ) + 12.844(AW()]/At. (5)
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